This study concerns short-fiber reinforcement of synthetic elastomer compounds, to gain insight into the behavior of short-cut aramid (p-phenylene terephthalamide) fibers on the processability and mechanical properties. Short-fiber reinforcement of elastomers is very complex, because it depends on many mutually interacting factors: fiber concentration, fiber orientation distribution, fiber length and distribution, fiber-matrix interfacial strength and properties of the matrix. This manuscript highlights the relationship between influencing factors in a S-SBR compound by design of experiments.
INTRODUCTION
Research into the fundamentals of interfacial strength improvement of short-cut aramid fibers in carbon black or silica-reinforced elastomer compounds turns out to be extremely complex [1] [2] [3] [4] [5] . Short fiber reinforcement depends mainly on: 1) fiber concentration; 2) fiber orientation distribution; 3) fiber length and distribution; 4) fiber-matrix interfacial strength and 5) properties of the matrix 6, 7 ; respectively on the interdependencies between all these factors. Typical elastomer formulations contain many ingredients such as reinforcing and non-reinforcing fillers and curatives, with the fibers coming in addition, which interact either chemically or physically with each other. Many analytical tests like Fourier Transform Infrared Spectroscopy (FTIR), Differential Scanning Calorimetry (DSC) and Thermo Gravimetric Analysis (TGA) are inconclusive in elucidating these interactions. Because of the need to investigate these interactions as well as the influence of processing, a systematic study was carried out making use of a very simple/basic elastomer formulation. In particular, various publications [8] [9] [10] [11] [12] [13] showed sometimes large and otherwise small improvements in mechanical properties when the interfacial strength was improved in short-cut fiber reinforced elastomer compounds. These were mainly derived from elementary tensile tests, where the effect of fibers was most conspicuous at low strains as an increase in Young's modulus and tensile strength.
The present study concerns the short-cut fiber reinforcement of synthetic elastomer compounds, with the objective to gain insight into the behavior of short-cut aramid fibers on the processability and mechanical properties. As the basis for this study a formulation was chosen, derived from the silica-reinforced passenger car tire tread technology with silane coupling agents 14 , normally employed to establish chemical coupling between silica and the elastomer. The formulation was stripped to it basics by taking out the butadiene rubber, the process oil and the reinforcing filler silica or adding just a minor amount of silica, as interaction promoter between fibers and elastomer, and using the coupling agent as potential chemical binder between the fibers and the elastomer, a solution-polymerized Styrene-Butadiene Rubber (S-SBR). 3 mm short-cut aramid fibers without finish: virgin (VF) were used of poly-p-phenylene-terephtalamide. Aramid fibers are generally very inert and consequently difficult to adhere to. The interfacial strength of the surface of an aramid fiber with a rubber can be enhanced by two main elements: an adhesive coating and an agent which can interact with this coating, a coupling agent. To make sure that interaction is established such a coating was selected, which has the ability to chemically react with a coupling agent. The coated aramid fibers selected were treated with an epoxy-amine coating 15, 16 (EF), for which a typical reaction product from a model system is shown in Figure 1 . The figure shows that the epoxy-groups have reacted away and are replaced by -OH hydroxyl-groups. Following this procedure, the separation of the impact of the single compound-ingredients and process conditions on properties should be possible.
DESIGN OF EXPERIMENTS
A Design of Experiments (DoE) approach was chosen, the Taguchi method 17 for a robust design. In this approach a distinction is made, with a minimal amount of experiments, between controllable factors and noise factors. The controllable factors can be manipulated directly, for example the concentration of a specific ingredient, and correspond to the factors that are normally varied in a statistical experimental design. The noise factors, for example the temperature after mixing, are resulting from the choice of the controllable factors and also have an effect on the responses, but cannot be individually influenced. Taguchi proposed that the controllable factors are varied together by means of an inner and outer array system, as shown in Figure 2 . There are several ways to approach the analysis of the responses of the DoE. A common way is to use a statistical analysis of variance and perform F-tests to see which factors are statistically significant. 17 In the present manuscript a conceptual way of graphing the responses is employed, proposed by Taguchi as an alternative, which involves visualizing the effects and identifying the factors and their interactions which appear to be significant. 18, 19 The experimental data, 4 multiple data points per response per run, are analyzed by a response graph, in which the averages per experimental run (see later, Table   II ) and the noise averages are included. It enables the detection of scatter in responses for a particular run. So, next to the average response, it is important to register the variation in a particular response and to determine the Signal to Noise ratio (S/N), as introduced by Taguchi. 17 The S/N ratio is in its simplest form the ratio of the response average to the standard deviation. The method used to compute the ratio depends on the situation, because the S/N ratio is directly related to the choice of a particular qualifier. The qualifier 'the higher the better', 17 was chosen in the present approach, because the main interest is in the mechanical properties of the vulcanizates; even though for certain other responses, e.g. Mooney viscosity or optimum cure time, the opposite is preferred. However, the DoE allows only one qualifier throughout the whole set-up. The control factors varied in this DoE are shown in Table I . The fiber reinforced elastomer compounds contain a variety of ingredients and involve various processing steps. Therefore, in this design a selection was made of 11 factors, labelled f. These factors were identified on basis of a prior assessment, which seemed to have an influence on the short-cut fiber reinforcing behavior in the elastomer. The involvement of 11 factors limits the use of a statistical approach in spreadsheet form. Therefore, the conceptual way of graphing the responses was used instead. A standard experimental plan with L 12 array of experiments was created, as shown in Table II . In this table each row corresponds to one compound and processing combination. Two types of 3 mm long fibers were chosen, see Table I , factor A. This means that the choice of a center point is not possible in the DoE, only low (level 1) and high levels (level 2). E.g., the fiber types were level 1: not coated/virgin (VF); and level 2: pre-treated with the epoxy-amine coating (EF). Four silanes were selected, representing different classes in their ability to react with the polymer and fiber-coating. The coupling agents Bis-(triethoxysilylpropyl)-disulfane (TESPD, Figure 3a ) and Bis-(triethoxysilylpropyl)-tetrasulfane (TESPT, Figure 3b ) belong to the class of sulfur silanes. The coupling agents S-3-(triethoxysilylpropyl)-octanethioate (NXT, Figure   3c ) and alkylpolyether-mercapto-silane (Si 363, Figure 3d ) are both mercapto-silanes, the first a blocked one, the last having a free mercapto-group. All should be able to react with the hydroxylgroups on the coated fiber surface and with the elastomer during the sulfur vulcanization. A proposed mechanism of the coating with for example the coupling agent TESPD is shown in Figure 4 . 
EXPERIMENTAL MATERIALS AND COMPOUNDS PREPARATION
The formulation used in this study is given in finish and an Epoxy-amine coated aramid Fiber (EF). 16 The suppliers, characteristics and structures of the coupling agents are given in Table IV and depicted in Figure 3 The compounds were prepared based on the general mixing procedure described in Table V .
The asterisk shows which factors were varied based on the descriptions in Tables I and II. A four stages mixing procedure was used. The compounds were first mixed in a Brabender 350S internal mixer: stage I. The internal mixer chamber volume was 390 cm 3 and a fill factor of 70% was used. A fixed rotor speed was employed. In stage I, at 0 min the raw elastomer was loaded into the mixer.
After 1 min the fibers, coupling agents, zinc oxide and stearic acid were added. After 3 mins the residue was swept back into the hopper. After 4 or 8 mins, factor H levels 1 or 2, the compound was discharged. The dump temperature was closely monitored in order to later link this to the coupling reaction between the silanes and the fibers 25 
CONCEPTUAL GRAPHING OF THE RESULTS OF THE DOE
In one run the mixing of each formulation was duplicated and each separate mix was tested twice on properties. Such an approach in repeating tests is needed to determine the degree of the experimental variation, designated as the replicate error. To demonstrate the benefit of the conceptual way of graphing of the responses, it is necessary to focus on measurable responses. First the processing and curing responses and later the mechanical properties are evaluated, like moduli, tensile strength at break and strain at break. As an example, the property values can first be evaluated by looking at the raw data in a replicate plot, as shown in Figure 6a . In this plot the factually 
Since the variation in each experimental run is smaller than the spread in the averages of all runs, it can be concluded that the replicate error within a run does not complicate the overall data analysis.
From here on the average M k of the experimental run k is used to present the results.
The standard deviation s k of the 4 a k,i is calculated as given in equation 2:
In Figure 6a (S/N) k represents the Signal to Noise ratio 'the larger, the better', as calculated with equation 3:
The average responses M k for Mooney viscosity level 1 resp. level 2 (Table I) for each control factor f, from A till K, are plotted in Figure 6b . To obtain an impression of the sensitivity of the mean response M f towards the selected levels 1 or 2, a difference coefficient ∆ is defined for each control factor f as follows:
where , 1 2 is the average per control factor of levels 1 or 2 for all runs k. To enlighten this calculation, see the following as an example:
The difference in S/N-ratio ∆(S/N) between levels 1 and 2 for a given control factor f is shown in see Figure 6c and is calculated with equation 6: A grand total average over all experimental runs can be calculated with equation 8:
The procedure above is applied for the three DoE's (see Table I ) for each factor effect. The overall results are presented in Tables VIA-D show some increase in the MV results for use of TESPD and TESPT, but no interaction with the curative system. Also for these coupling agents this most likely results from some pre-mature scorch of the elastomer, more so for TESPT than for TESPD, and more so for TESPT, because the former contains more elemental ts molecule. But by far not as much as for Si 363. NXT shows no premature scorch and coupling could only occur with the coating. Furthermore, TESPD and TESPD have two Si(OEt) 3 -groups on each side, which might create some silane-bridges in addition, which NXT cannot do because of its single Si(OEt) 3 -group. Unfortunally, the MV data seem not sensitive enough to separate/detect coupling to the fibers from the scorch effect; the DoE is not able to resolve this question: this scorch is a typical noise factor.
The Mooney viscosity tends to increase by the use of VF vs. the coated EF in DoE 1, an effect which could possibly be related to the coating itself 26 , though the results from DoE 2 and 3
show no clear trend. the dispersion of the curatives is improved by a longer mixing time or that this again is related to the polymer breakdown noise effect. Also factor I, the initial mixer temperature setting, has a clear effect on the results, again an indication polymer breakdown effects. The way of processing the compounds apparently plays a major role in the vulcanization properties. This effect may not be underestimated in the judgement of fiber-matrix interaction
The effects of short fibers are most clearly seen in the tensile properties at low strains. 27 The short fibers commonly raise the Young's modulus and create a yield point at typically low strains.
After the yield point, the interaction between fibers and elastomer becomes too weak and the tensile curve follows the non fiber-reinforced elastomer path. In the present study none of compounds reaches a clear yield point, because they fail before that strain. The results for the moduli: the Young's modulus and the Tangent Moduli at 20 and 50% strain (TM 20% and TM 50% ) are given in Table VIC . Because the results of the DoE's for the Young's modulus are most eye-catching, the Difference Coefficients for the Young's modulus for DoE1 are represented as an example of the conceptual way of graphing the responses against the control factors f in Figure 7 . The Young's modulus most strongly rises for all three DoE's for factor B level 2: increased fiber concentration, compared to all other factors. Factor C level 2, the addition of 10 phr silica, tends to decrease the Young's modulus, but increases the strength and strain at break: see Table VID . It is an indication that the concentration of 10 phr silica is still below the percolation threshold, where silica starts to act as a common reinforcing filler. As it turns out, the addition of silica increases the strain at break substantially due to the discussed coupling reaction in interaction with the coupling agents, as discussed before. This is also confirmed by the difference coefficient in the TM 20% and TM 50% data, already taken at higher strain compared to the Young's modulus. The calculation for TM 50% for DoE1
could not be made, as run 12 did not reach 50% strain at break and because results of all runs are required for a proper analysis. This indicates indeed that before 50% strain the main effects of fiber reinforcement are seen, as stated before. Overall, the effects of the coupling agents are still comparatively weak compared to other factors, like fiber concentration, fiber orientation and silica usage. The YM and TM 20% difference coefficients for factor J, milling time, seem to be favored by a longer duration of milling: level 2; for TM 50% in DoE 3 the tensile curve has practically levelled off so that the preference is for the opposite level 1. Consequently, the better tensile properties are clearly related to a better dispersion of the fibers. This makes it unlikely at the same time that fiber breakage has a significant negative effect on the results. The internal mixer mixing time factor has a strong effect on the moduli, generally pointing to level 1, short mixing time as preferred: again most probably related to less polymer breakdown. As explained before, this is caused by less polymer breakdown: the noise effect. However, the corresponding ∆(S/N)'s of factor H are rather low, especially for the TM 50% , therefore minimize the importance of this effect.
A yield point in the tensile properties was practically not observed for none of the compounds, apparently because they had a too low intrinsic strength by absence of carbon black or silica reinforcement. Therefore, a yield point could not be used as a response in terms of the DoE's.
The DoE results for tensile strength at break and strain at break as represented in Table VID Surprisingly, in a separate series of experiments (not mentioned here) a low dosage of non-oriented fibers gave the highest YM vs. longitudinally or transversely oriented fibers, irrespective of whether they were EF or VF. For 15 phr fibers, longitudinally oriented fibers gave clearly the highest contribution. Apparently, the factual mechanical mechanism of the reinforcement effect of short-cut fibers interchanges in between 5 and 15 phr: another noise factor no covered by the present DoE's.
This will be reported in a later manuscript.
Overall, the EF in combination with the various coupling agents, except for Si 63, gives the higher YM's, as an indication for fiber-elastomer interaction. A mutual comparison of the effects of the different coupling agents cannot be made yet at this point but needs the confirmation runs to finalize the DoE approach.
OPTIMAL MECHANICAL PROPERTIES
Each DoE is completed with a conformation run. A prediction of the possible improvement for a particular response can be made with the following equation:
where is the overall optimized response and , 
CONCLUSIONS
This study concerns the understanding of the relative importance of controllable factors on the processability and mechanical properties, resp. the optimization of the performance of short-cut fiber reinforced elastomers with the help of a Design of Experiments (DoE) approach. A Taguchi conceptual way of graphing approach in the design of experiments is a valuable tool to investigate the relative importance of such controllable factors on the processability and mechanical properties of short-cut fiber reinforced elastomers. Every factor is compared on basis of equal footing, which highlights the relative importance of each factors response. The experimental objective was to determine the impact of both compounding ingredients and processing parameters on the Mooney viscosity, the vulcanization performance and mechanical properties of the resulting vulcanizates.
The results clearly show that some factor effects are fully or partially overshadowed by other factors: fiber concentration and curatives concentration grossly overrule all other factors in their effect on the Young's modulus, the latter being most representative for the mechanical properties.
Interaction between fibers and elastomer plays only a secondary role, whereby the epoxy-amine coated fibers in combination with coupling agent NXT gave overall the best results. To increase the effect of the factors which are now overshadowed, the difference between levels 1 and 2 needs to be increased. To for example investigate the effect of silane coupling agents, factor E (NXT content in DoE 1) needs to be varied over a wider range, while the other factors are kept constant. To obtain a large increase in mechanical properties, in particular at low strains: Young's modulus, the fiber concentration needs to be increased rather than the curing time. 
